From 2000 to 2002, sediment contamination by Cd, Cu, Hg, Pb and Zn was analysed in the Pialassa Baiona salt marsh, which receives petrochemical wastewaters from the industrial district of Ravenna (Italy). The recent contamination levels were compared with data of previous studies carried out in 1982, in order to assess whether environmental policies and remedial measures reduced sediment pollution. Sedimentary profiles of Cu and Pb were homogeneous along the uppermost 0-10 cm horizon, which corresponded to the sedimentation in the last 30 years. Concentrations of Zn attained a peak (up to 800 mg kg )1 dry weight) in the 0-4 cm sediment horizon, which was assumed to correspond to the last 10-15 years. A wide-spread contamination by Hg was detected in the salt marsh as well as in the main channel with peaks up to 20-40 mg kg )1 dry weight. Nonetheless, recent sediments resulted less contaminated, since Hg discharge from industrial plants ceased about 20 years ago. Contamination levels by Hg values were two orders of magnitude higher than the international sediment quality standards. Cadmium, which was analysed for the first time in 2000-2002, attained a peak in the surface layers (1-2.5 mg kg )1 d.w.), with a progressive decline along the sediment column. Through comparison with pre-industrial values detected in the deeper sediment horizons (before 1920), Hg showed the highest enrichment factor, up to 300 times. Cd and Zn concentrations in recent sediments were from 2 to 10 times higher than background values. In terms of possible adverse effects, Hg posed the highest risk, and Cd and Zn were frequently above the recommended thresholds.
Introduction
Coastal lagoons are subjected to strong anthropogenic pressures, as they receive nutrients, trace elements and persistent organic pollutants from watersheds with urban, agricultural and industrial activities (UNESCO, 1991) . Moreover, port and industrial activities located within the coastal zone can greatly increase the contamination risk by some specific pollutants, e.g. heavy metals, petrol, oil, organometallic compounds and endocrine disruptors. Along the Adriatic coast of Italy, the lagoon of Venice and the salt marsh area of Ravenna are among the most impacted coastal zones, due to the recent development of ports, oil terminals and industrial districts (CIRSA 2003; Bettiol et al., this volume) .
Since the end of the 1950s, the coastal zone of Ravenna was subjected to a heavy industrial development, with petrochemical plants surrounding the ancient system of coastal wetlands. One of the largest coastal lagoon in this area (Pialassa Baiona lagoon) was studied in the last decades and high levels of Cu, Pb, Zn and Hg in contaminated sediments were reported (Ui, 1970; Miserocchi et al., 1990 Miserocchi et al., , 1993 . Cu, Pb and Zn were 2-3 times higher than the background (preindustrial) levels, whereas Hg was up to 160 mg kg )1 dry weight (d.w.), i.e. 500 times higher than background. It has been estimated that 100-200 tons of mercury were discharged into the lagoon in the period 1957-1977, almost 80% of which was redistributed in the sediment of the southern ponds (Miserocchi et al., 1993) . The time required to reclaim the area from Hg contamination has been estimated at 40-50 years. In addition, high concentrations of polystyrene, polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) were recently found in sediment samples of the southern area (Fabbri et al., 2001a; Matteucci et al., 2001) . Recent studies on mercury methylation have highlighted the fact that redistribution processes can increase the Hg bioavailability, also with some risk to human health (Fabbri et al., 2001b; Trombini et al., 2003) .
This work aimed at analysing sediment contamination by five heavy metals, namely Cd, Cu, Hg, Pb and Zn. The recent contamination levels were then compared with data of previous studies carried out in 1982, in order to assess whether environmental policies and remedial measures reduced sediment pollution.
Materials and methods

Study area
The Pialassa Baiona lagoon is located 5 km northeast of Ravenna, Italy (Fig. 1) . Parts of the lagoon is currently used for fish and mollusc farming. It is also included in the Ramsar list. The total surface area is 11 km 2 . The lagoon is formed by a number of small ponds (average water depth 60 cm) and deeper tributary channels in a herringbone arrangement (1 to 2-3 m deep). It is connected to the North Adriatic Sea through an artificial canal (Canale Candiano), which is the harbour of Ravenna.
The hydrodynamics of the Pialassa Baiona is mainly influenced by tides, with a maximum tidal range of 1 m. The salinity of the lagoon (25-30&) is mainly controlled by water exchange with the Adriatic. A network of channels which drain agricultural lands deliver freshwater to the lagoon. The southernmost (Via Cupa) channel receives industrial and municipal wastes.
In the ponds and tributary channels, the sediment is generally muddy and black, whereas dark grey sandy silt prevails in the tidal inlets. These sedimentological features affect the redistribution of polluted sediments, mainly in the channels and in the southern pond (Miserocchi et al., 1993) .
The study area was influenced in the past by a chemical plant which produced acetaldehyde and vinyl chloride from acetylene. Two thermoelectric power plants, one factory producing concrete, two lampblack production plants and several small industries are also active in the area. High contamination of sediments by trace metals has been reported in the southern area, particularly in the Canale Magni pond, near the channel which was greatly influenced by direct industrial discharge.
No data are available to estimate the heavy metals load discharged in the lagoon from different external sources. However, one can assume that after the national law 319/76 came into force in 1976, a reduction of the pollutant emission was started. Due to environmental policies and transformations of the industrial system, after 1980 the direct discharge of industrial pollutants can be considered as negligible. Previous studies demonstrated that the origin of Hg was exclusively industrial (Miserocchi et al., 1993) , while the atmospheric input for Pb and the agricultural delivery of Cu and Zn were also important (Miserocchi et al., 1990) .
Sampling and analytical work
The sediment samplings were carried out in the most heavily contaminated part of the lagoon (southern area) which was considered in the previous studies, and upstream and downstream the industrial and municipal wastewater discharge (Fig. 1) .
A sediment core 56 cm long and 10 cm in diameter (C00-1) was bored from the Canale Magni pond in the year 2000. Its large diameter and sharpened end minimised sediment compaction. The top sediment horizon (0-16 cm) was sliced into 1cm thick sections. The deeper sediment horizon was sliced into thicker sections (2-5 cm). The sediment was dated with the 210 Pb technique as reported by Fabbri et al. (2001a) and Matteucci et al. (2001) .
In 2002, superficial sediment samples (0-3 cm) were collected with a Van Veen grab in the southern part of the lagoon (BP02-3, BP02-4) and in the southernmost part of the Via Cupa channel, close to (BP02-2) and upstream (Channel) of the industrial wastewater discharge.
All samples were digested with a strong acid mixture (HNO 3 , HF and H 2 O 2 ) in teflon bombs in a microwave oven following Guerzoni et al. (1987) , modified to optimise the dissolution of organic compounds (Miserocchi et al., 2000) . Cd and Pb were determined with atomic adsorption spectrometry using a graphite furnace, Cu and Zn were analysed with an inductively coupled plasma atomic emission technique, and Hg by automatic mercury analyser according to US-EPA (1998).
Results and discussion
The comparison between 1982 and 2000-2002 data is reported in Table 1 . Concentrations of Cd, Cu, Hg, Pb and Zn in the 0-3 cm layer and profiles along the 0-56 cm horizon are shown in Figure 2 . In 1982, Cu, Hg, Pb and Zn attained very high concentrations, with average values of 66, 70, 47 and 148 mg kg )1 d.w., respectively. Surface data were compared with pre-industrial (background) levels found in cores from the same area, and were 2-3 times higher for Cd, Pb and Zn. Hg was 2-3 orders of magnitude higher than background values (Miserocchi et al., 1990 (Miserocchi et al., , 1993 The sediment profile evidenced that Hg concentrations decreased in the uppermost layer corresponding to the last 10-15 years, whilst Hg accumulated exponentially in the previous 20-30 years. The concentration peak was measured in the 3-7 cm layer, which corresponded to 15-20 years ago. This pattern is consistent with the transformation of the industrial site, which occurred approximately 20 years ago. In order to take into account the ecotoxicological significance of heavy metal concentrations, data of the Pialassa della Baiona lagoon were evaluated according to the sediment quality guidelines of the National Oceanic and Atmospheric Administration (NOAA; Long et al., 1995) and Florida Department of Environmental Protection (FDEP; MacDonald, 1994) ( Table 2 The reduction in Hg contamination was presumably the result of two main processes: burial of old contaminated sediments (as shown by the core profile) and sediment redistribution in the lagoon (Miserocchi et al., 1993) . Studies on mercury methylation emphasised how redistribution processes induced an increase of Hg bioavailability. Cattani et al. (1999) found that total Hg (THg) ranged from 0.1 and 2.2 mg g
)1 d.w. in samples of the green seaweed Ulva rigida collected across the lagoon. Experiment carried out in the southernmost contaminated sub-basin with transplanted mussels (Mytilus galloprovincialis) showed that THg in soft tissues increased up to 4.4 times of the initial background level after 52 day exposure (Fabbri et al., 2001b) . Moreover, in the southern sub-basin sedimentary concentrations of THg and methyl Hg pose an ecotoxicological risk (Trombini et al., 2003) .
Cadmium, copper, mercury and zinc values in the southern area of the lagoon were higher than those determined upstream in the Via Cupa channel. The ratio of concentrations in the lagoon to concentrations in the channel was 2 for copper, 4-5 for cadmium and zinc, and 27 for mercury, whilst was approximately 1 for lead (Table 1) .
Comparisons with pre-industrial values detected in the deepeer layers of the core (before 1920) and in previous studies (Miserocchi et al., 1990 (Miserocchi et al., , 1993 showed that Hg had the highest enrichment factor (EF) -up to 300. Cd and Zn contents in recent sediments were from 5-6 to 10-12 times higher than background levels (Figs. 3, 4) .
Conclusions
Overall, from the surface sediment concentrations, we observe that Cu and Pb contamination was approximately constant in the last 20 years, Hg is undergoing a redistribution, and Cd and Zn have increased in the past 10 years. In terms of possible adverse effects, Hg poses the highest risk, and in most cases Cd and Zn are also above the ERL and ERM. The Cu and Pb concentrations were constant from )8 cm (ca. 1980) to the surface, showing that contamination, which started 50-60 years ago (ca. )20 cm in the core) is at the same level as it was 20 years ago. On the contrary, zinc showed a three-fold increase in the 0-3 cm horizon, indicating that there is a persistent pollution. Preliminary data on cadmium contamination highlighted a figure which is similar to that found for Zn, posing a potential risk also for this metal.
Contamination levels of Cd, Zn and Hg only decreased upstream from canal which delivers industrial and municipal wastewaters (Via Cupa channel). Whilst there are experimental evidences that Cd and Zn are currently discharged through industrial and/or municipal wastes, recent industrial contamination by Hg cannot be demonstrated. Recent studies suggested that buried Hg can be remobilised throughout bacterial methylation (Cattani et al., 1999) .
The increasing concentrations for Zn and remobilisation for Hg pose the highest ecotoxicological risk. This theoretical risk is partially confirmed by recent biomonitoring studies (Cattani et al., 1999; Trombini et al., 2003) .
In conclusion, 20 years after the first studies, the processes of sedimentation and consequential burial of mercury have led to partial decontamination of the Pialassa Baiona. However, the high concentrations still found in surface sediments and the trend toward increased concentrations of cadmium and zinc constitute a risk, associated mainly with how sediments are distributed inside the lagoon, and to biota-sediment interactions. In order to pave the way for appropriate intervention, further studies are needed on the main processes of distribution and introduction of contaminants to the lagoon. according to the regional background value considered in Miserocchi et al. (1993) .
